Background. Identifying persons with recent human immunodeficiency virus (HIV) antibody seroconversion is useful for treatment, research, and prevention, but the sensitivity and specificity of tests for this purpose are uncertain.
Human immunodeficiency virus type 1 (HIV-1) antibody tests have been optimized to become positive as soon as possible after infection. Current tests typically become positive within 3-6 weeks of infection and 1-3 weeks after the onset of acute HIV symptoms [1] . While detection of early infection is a strength of these tests, it creates challenges in identifying persons with very early HIV. Individuals who might have been classified as ''pre-seroconversion'' primary infection cases with older antibody assays are often difficult to distinguish from chronic HIV cases based on results of current antibody tests. Approaches such as defining a specific number of positive bands on Western blot assays as evidence of recent infection have been used in some studies [2, 3] . These approaches have not been rigorously tested, however, to determine the sensitivity and specificity with which they correctly classify persons with recent HIV antibody seroconversion.
Identifying persons who are within weeks of HIV-1 antibody seroconversion is potentially useful for treatment, pathogenesis, and epidemiologic studies, as well as clinical decision-making and HIV prevention. Observational studies have suggested that persons treated within 2 weeks of antibody seroconversion may have sustained CD41 T-cell count and viral load benefits [4] . Because events within the first months of infection predict the course of infection [5] [6] [7] [8] , standardized methods of identifying persons with recent HIV seroconversion are potentially important for conducting pathogenesis studies. Identification of very early HIV-1 infection is also useful in studying the characteristics of viral variants responsible for initiating infection, which has potential importance for vaccine design [9] . Finally, persons in the first 2.5 months of HIV infection have been reported to have a 10-fold higher risk of transmission than persons in chronic infection [10] . Methods that could identify persons who are still in early infection-even if seroconversion has already occurred-would allow clinicians to target these individuals (and their partners) for appropriate interventions to reduce the risk of HIV transmission.
We sought to determine the sensitivity and specificity of antibody testing approaches to identify whether persons who are positive on standard antibody tests for HIV-1 have very recently seroconverted. We studied persons for whom longitudinal plasma specimens were available following a well-characterized date of HIV-1 seroconversion. Several widely available clinical antibody tests, as well as tests that are currently available in research laboratories but could readily be performed in clinical laboratories, were evaluated.
METHODS

Subjects and Specimens
We assembled longitudinal specimen panels from persons in the Acute Infection and Early Disease Research Program (AIEDRP) cohort, a multicenter, North American early HIV infection research program. We selected participants in whom HIV antibody testing using standard assays was either negative or indeterminate at initial evaluation, so that dates of antibody seroconversion could be accurately estimated. An HIV-1 viral load $5000 copies/mL performed within 7 days after the negative or indeterminate antibody test was used to confirm HIV infection. In addition, 2 or more specimens of stored plasma that met the following criteria were required: (1) specimens were collected before or on the day that antiretroviral therapy was started; (2) specimens were collected within 180 days of the negative or indeterminate antibody test; (3) specimens were obtained $1 week apart from other specimens used for the analyses. Subjects in the study were enrolled in protocols approved by the Institutional Review Boards of each of the participating centers.
Measures
Specimens were tested using 2 HIV-1 viral lysate-based enzyme immunoassay (EIA)-antibody tests approved by the US Food and Drug Administration (FDA), the Vironostika HIV-1 (Organon Teknika, OTV), and the Genetics Systems rLAV (BioRad). We evaluated signal-to-cutoff (SCO) ratios above the 1.0 threshold used in clinical diagnostic testing to define a sample as reactive. We performed Western blot testing using 2 assays licensed for clinical diagnosis of HIV-1 infection in the United States, one originally developed by Ortho (now manufactured by Calypte) and the other developed by Genetics Systems (now manufactured by Bio-Rad). We also tested 2 assays that have been designed for HIV incidence studies; these require greater quantities of antibody with higher binding avidity than standard EIAs used for HIV diagnosis. The less sensitive EIA (LS-EIA, also called a detuned EIA) uses a standard EIA kit but increases the plasma or serum dilution and reduces the incubation times; results are reported in standardized optical density (SOD) units [11] . The LS-EIA assay we used was based on the Organon Teknika OTV EIA kit. The second incidence assay we evaluated was the BED assay developed by the Centers for Disease Control and Prevention (CDC). This is an EIA that uses a branched peptide that includes sequences from HIV-1 subtypes B, E, and D and detects increasing proportions of anti-HIV immunoglobulin G (IgG) relative to total IgG [12] . The results of the BED assay are expressed as Normalized Optical Density (NOD) units. For all assays, specimen identity was coded and laboratories were blinded to other data on seroconversion dates.
Analysis
Analyses were based on time from the estimated date of HIVantibody seroconversion on conventional antibody testing. For persons with an indeterminate antibody test, we determined that the median number of days between an indeterminate and first positive antibody test in our population was 14; we took the midpoint (7 days) and added this to the date of an indeterminate antibody test to estimate the seroconversion date. For persons with an initial negative antibody test/positive HIV RNA assay but no indeterminate antibody test, the seroconversion date was taken as the midpoint point between the last negative and first positive antibody tests if the interval between the tests was ,28 days, and 14 days after the negative antibody test if the difference was .28 days.
As there is not a specific length of time since seroconversion that can be clearly defined as the most important duration to measure, we considered 3 time windows: within 30 days, 60 days, or 90 days of conventional antibody seroconversion. For each time window, we defined sensitivity as the proportion of specimens obtained within the specified time period with results below a specified test threshold, and specificity as the proportion of specimens obtained after the specified time period with results above the threshold. For example, in testing a cutoff of 5 or fewer bands on Western blot testing to identify persons with 30 days from seroconversion, a specimen with 4 bands was considered a true positive for early infection if it was obtained ,30 days from seroconversion, and a false positive if it was obtained .30 days from seroconversion. These definitions differ substantially from those used to diagnose HIV infection; a false positive interpretation means results potentially consistent with a short period of time from infection in someone with a longer duration of infection, rather than the absence of HIV infection. Maximum likelihood estimates of sensitivity and specificity were obtained using a generalized linear model for the binomial family with a logit link function, that is, a logistic regression.
Analysis was performed using R software version 2.5.0 for Windows. To account for the correlation between observations obtained on the same individual over time, empirical (sandwich) standard errors were calculated in R using the sandwich package [13, 14] and substituted for model-based standard errors and used in combination with the delta method to calculate standard errors and 95% confidence intervals for sensitivity and specificity estimates. In cases where none or all of the observations were below the specified cutoff value for the outcome, exact binomial 95% confidence intervals were calculated. Positive and negative likelihood ratios (LR) with 95% confidence intervals were also calculated for different threshold values for each assay in defining the state of recent infection at each time cutoff. We used standard formulas to calculate posttest probabilities based on pre-test probabilities and likelihood ratios [15] . To assess the accuracy of each test for the diagnosis of ,30, ,60, or ,90 days of HIV infection, test performance was modeled by estimating post-test probabilities across a range of plausible pre-test probabilities of having recent HIV infection using Bayes theorem.
Data on symptoms of acute HIV infection were collected using a standardized questionnaire [16] . For analysis of the duration of time between onset of acute HIV symptoms and seroconversion, we excluded symptoms that were present for .45 days to remove potentially chronic symptoms.
This study was performed by the AIEDRP, which was funded by the National Institute of Allergy and Infectious Diseases (NIAID) of the United States. NIAID staff provided input into the design of network data collection, which was used for this study, and reviewed the final manuscript without suggesting changes. Testing was performed for the Genetics Systems rLAV (Bio-Rad) EIA assay and the Western blot assays by the manufacturers at no charge. The BED assay was performed at CDC laboratories at no charge. Participating laboratories were not involved in data analysis.
RESULTS
The 155 participants included in this study were 90% male, and most were infected with HIV through sex with other men (Table 1) . Because of specimen availability, the numbers of observations for certain tests varied. For both the Bio-Rad rLAV EIA and the OTV EIA, there were 351 observations on 139 individuals, for the LS-EIA assay 337 observations on 134 individuals, and for the BED-EIA 397 observations on 149 individuals. For Western blot assays, there were 343 observations on 142 individuals.
When results are reported from standard antibody testing, EIA results are usually reported as ''negative'' or ''positive.'' However, it is also possible to analyze the ratio of the signal provided by the specimen to the cutoff for a positive assay (the SCO ratio) ( Figure 1 and Table 2 ). Ratios above the value of 1 used to determine a positive EIA antibody test provided very high specificity for classifying persons as being within 30 days of seroconversion, at or near 100% for SCO ratios up to 4. However, sensitivity for such identification with this cutoff was only 57% for the OTV EIA and 34% for the rLAV EIA.
Compared to the standard EIA assays, the incidence tests were more sensitive for identification of recent seroconverters, as would be expected (Table 2) . For example, a cutoff of 0.2 OD on the LS-OTV had a sensitivity of 84% for identifying an individual within 30 days of seroconversion, with a specificity of 73%; the BED assay had quite similar results using a cutoff of 0.2 NOD. A higher cutoff on both tests (eg, 0.5) had the best sensitivity of any of the assays tested for classifying persons as being within 90 days of seroconversion. Both of these tests had only moderate specificity, however, for a window period of 90 days post-seroconversion, with the BED being particularly weak, a specificity of 54% using a cutoff of 0.5 NOD. A more extensive list of sensitivity, specificity, and likelihood ratios for different values of each of these tests can be found in accompanying Supplementary tables.
The number of positive Western blots bands was useful in classifying duration of infection. For identifying persons within 30 days of antibody seroconversion, having 3 or fewer positive bands on the Bio-Rad Western blot had a sensitivity of 43% and a specificity of 98%, whereas the same criterion on the Ortho Western blot had a sensitivity of 58% and a specificity of 98% NOTE. See text for description of EIA assays. Data were not available on sex and age for 1 participant, and for race/ethnicity in 9 participants. EIA, enzyme immunoassay; IDU, injection drug user; MSM, men sex with men; OTV, Organon Teknika Vironstika EIA; rLAV, Genetics Systems rLAV EIA.
( Table 2 ). Having 6 or fewer bands was still fairly specific for the early post-seroconversion period, while having substantially greater sensitivity for recent seroconversion than a cutoff of 3 or fewer bands. Although some Western blot bands turned positive rapidly, there was variability between different bands, with the median times to a positive band ranging from 21 to 64 days (Table 3 ). Bands such as p24 and gp160 were among the earliest bands to turn positive (Figure 2 ). There was some variability between equivalent bands between Western blot kits, probably due to differences in the reagents. The largest difference was in the median days to a positive p55 band, 21 days on the Bio-Rad Western blot, and 64 days on the Ortho Western blot. The key
We used receiver-operator curves (ROC) to assess the overall performance of different tests for identifying persons within the various time periods following seroconversion ( Table 4) . The Bio-Rad Western blot employing the #3 band criteria had the greatest ROC area (0.90) for identifying persons within 30 days of seroconversion. While Western blot tests also performed well for other time periods, the LS-EIA and the BED assay performed slightly better for longer time intervals.
Positive and negative likelihood ratios (LR) with 95% confidence intervals were also calculated for various assay results (see online-only tables). These allowed us to calculate the post-test probabilities that would be associated with similar test performance in a population with different pre-test probabilities of having early HIV infection (Table 5 ). In many clinical and research settings, patients have known dates of prior negative HIV antibody tests. These can be used to estimate the pre-test probability of recent HIV infection. For example, an individual who currently tests HIV antibody positive and last had a negative HIV antibody test 1 year ago would have a pre-test probability of 8% of being within 30 days of antibody seroconversion based on date information alone, assuming random distributions of infection and testing over the year interval. If there were 3 or fewer bands on a Western blot, the post-test probability of being within 30 days of antibody seroconversion would be 74% (using the Bio-Rad Western blot); the post-test probability of being within 90 days of seroconversion would be essentially 100%.
DISCUSSION
We compared several antibody-based approaches to identify persons in the early HIV post-seroconversion period. A key finding was that Western blot assays are quite accurate for identifying persons with recent HIV seroconversion. Our data suggest that simple criteria based on the total number of positive bands on the Western blot can have good-to-excellent diagnostic performance for identifying individuals with early HIV infection. Two different Western blot assays both yielded very high specificity for identifying persons within 30 days of seroconversion with the simple criterion of having 3 or fewer bands, and for persons within 90 days of seroconversion with the criterion of having 6 or fewer bands. The significance of these findings is high because Western blot tests are widely used as confirmatory tests for HIV infection. Thus, data that can help identify persons in the early post-seroconversion period is already available to many clinicians. Similar results were recently reported from Switzerland based on an immunoblot assay (INNO-LIA HIV-I/II SCORE, Innogenetics) that is not available in the United States [17] . On the 2 standard EIA assays we examined, an SCO value of ,4 had high specificity for seroconversion within the past 30 days. This value, although not always reported to clinicians, can be obtained from testing laboratories. The rapid increase in reactivity on these assays, however, results in poor sensitivity. The threshold of an SCO of 4 is exceeded within days to 2 weeks of seroconversion, and nearly half of persons classified as within the first 30 days following seroconversion had already exceeded this cutoff using the OTV EIA. While results were similar between the 2 standard EIAs we tested, the OTV EIA was slightly more sensitive and more specific for the early postseroconversion period.
In contrast to the Western blots and EIAs, the LS-EIA and BED incidence assays performed best when detecting persons within longer time windows after seroconversion. These assays had the highest sensitivity for identifying persons within 90 days of seroconversion. To achieve reasonable specificity for this time window required using cutoffs that were significantly lower than those used in incidence studies for identifying persons within longer periods (eg, 180 days) since seroconversion. Although the BED was slightly more sensitive than the LS-EIA for detecting persons within 90 days of seroconversion, it suffered from limited specificity. When the pre-test probability of recent infection is low, this can result in substantial false positive results due to misclassification of chronically infected persons as having just seroconverted. While our study was not designed to assess the specificity of these assays for classifying persons within windows beyond 90 days after seroconversion, other studies have noted limitations in the specificity of these assays in certain settings using higher cutoffs for incidence studies, including false positive results in persons with advanced HIV disease [18] . These assays are research tests that are not FDA approved and are unavailable in many settings, but they are inexpensive and can potentially be performed in laboratories equipped to perform HIV EIA antibody testing. Besides potential applications in research settings and epidemiologic studies, estimates of duration of HIV infection based on data available from standard HIV diagnostic tests may be useful for prevention purposes. The first few months of HIV infection are a particularly infectious period [10] . In a macaque model of Simian Immunodeficiency Virus transmission, the viral load needed to transmit infection was .50 times higher when using plasma from chronically infected macaques compared to plasma from acutely infected macaques, and further experiments suggested that lack of neutralizing antibodies may have been a factor in the higher infectivity of plasma from acutely infected macaques [19] . If these findings apply to HIV infection in humans, having information to identify recently infected persons may be of particular importance in order to focus HIV prevention efforts on those most likely to transmit HIV.
HIV antibody levels can wane in advanced disease, and this can result in erroneous classifications of such individuals as recently infected using tests we assessed. For this reason, the assays we tested should typically not be applied to persons with clinical AIDS or a CD41 T-cell count ,200 cells/lL. Although we did not test persons with chronic HIV infection, there are prior studies that have addressed this issue for the assays we tested. In a study that evaluated 199 subjects with a CD41 T-cell count ,200 cells/lL, 96.5% had at least 6 of 9 Western blot bands present [20] . In a second study of persons with chronic HIV infection but without clinical AIDS (WHO stage 2 and 3), 701 of 704 patients (99.8%) had 6 or more bands on Western blot testing, and 100% had 5 or more bands [21] . These findings provide reassurance that the specificity of criteria such as having 6 or fewer bands on Western blot for identifying persons in early HIV infection should be very high when applied to persons with chronic infection. In a review of incidence assays, the median specificity from 11 estimates in longstanding infection was 98% using higher cutoffs than those used in the current study [18] . Specificity using the much lower cutoffs we employed should be considerably higher.
There are additional limitations to this study. First, by studying only specimens that were close to the time cutoffs being evaluated, it is likely that we underestimated both the specificity and sensitivity of assays for early infection in contexts in which the majority of newly diagnosed persons are infected for longer periods of time, and hence recent and longstanding infections would be easier to distinguish. Second, our results suggest that while results are generally similar across assays such as standard EIA and Western blots, there were differences between specific assays. Thus, caution must be used in extrapolating the present data to other test kits. In addition, interpretation of the Western blot entails some subjective decisions when the bands are faint. It is possible that the Western blot results we obtained from an expert research laboratory might be more carefully interpreted and hence more consistent than the results obtained from standard clinical laboratories. Third, as we did not have daily blood samples, we estimated exact seroconversion dates, and there is some imprecision in the estimates, even if only by a matter of days. Fourth, our patient population consisted primarily of men who have sex with men with sub-type B infection. It is possible that evolution of antibody responses might differ in heterosexual or injection drug use transmission, although we are not aware of data that indicate such a difference. As some of the antibody tests we used were based on sub-type B antigens, results might also differ using these assays with other HIV subtypes. Finally, one of the incidence assays we evaluated (the LS-EIA based on the OTV EIA) is no longer available. New iterations of the LS-EIA test (based on kits manufactured by Avioq) have been developed, validated, and provide similar results, although there may be some differences that could alter diagnostic performance for the applications we describe.
Despite these limitations, our results suggest that if interpreted carefully, information from standard EIA and Western blot assays, and from so-called incidence assays such as the BED and LS-EIA tests, can be useful to identify persons who are in the early post-seroconversion period of HIV infection. The approaches outlined here may be useful for clinical, research, and prevention purposes that benefit from identifying very recently HIV-infected individuals.
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